Abstract We discuss (π 0 , η, η ′ ) → γ * γ transition form factors using the light-front quark model. Our discussion includes the analysis of the mixing angles for η − η ′ . Our results for Q 2 F (π 0 ,η,η ′ )→γ * γ (Q 2 ) show scaling behavior for high Q 2 consistent with pQCD predictions.
Introduction
The pion-photon transition form factor (TFF) F πγ (Q 2 ) has been known to be the simplest exclusive process involving the strong interaction. It can be calculated asymptotically at leading twist as a convolution of a perturbative hard scattering amplitude and a gauge-invariant meson distribution amplitude (DA) which incorporates the nonperturbative dynamics of QCD bound state [1] . The prediction for F πγ (Q 2 ) at the asymptotic limit Q 2 → ∞ is shown to satisfy the well-known asymptotic pQCD formula [1] : Q 2 F πγ (Q 2 → ∞) = √ 2f π GeV with f π ≃ 130 MeV. However, the data for Q 2 F πγ (Q 2 ) measured from the γ * γ → π 0 process by the BaBar Collaboration in 2009 [2] have shown not only the serious violation of the asymptotic pQCD formula but also the rapid growth for Q 2 > 15 GeV 2 . On the other hand, in 2012, the Belle Collaboration [3] has reported their measurement of the γ * γ → π 0 process and has shown that the measured values of Q 2 F πγ (Q 2 ) are consistent with the asymptotic limit of QCD for Q 2 > 15 GeV 2 . Hadronic DAs provide essential information on the QCD interaction of quarks, antiquarks and gluons inside the hadrons and play an essential role in applying QCD to hard exclusive processes. It has motivated many theoretical studies [4; 5; 6; 7; 8; 9; 10] using various forms of the pion DAs to understand the discrepancy of Q 2 F πγ (Q 2 ) data between the BaBar and Belle measurements. The general agreement on the analysis of the pion DA is that the broader the pion DA the steeper the slope of Q 2 F πγ (Q 2 ) as Q 2 is getting larger. For instance, the flat pion DA [5; 6] φ(x) = 1 shows the agreement with the BaBar data [2] . The subsequent BaBar data [11] for the (η, η ′ ) → γ * γ TFFs, however, have shown that the use of flat DA for η and η ′ distributions strongly disagrees with the data. Both Belle data [3] for Q 2 F πγ (Q 2 ) and BaBar data [11] for Q 2 F (η,η ′ )γ (Q 2 ) provided consistency with the perturbative QCD prediction and disfavored the flat DA φ(x) = 1 which is far different from the lowest twist-2 DA φ(x) = 6x(1 − x) predicted by the asymptotic QCD. Accordingly, careful analysis of Fig. 1 One-loop Feynman diagrams that contribute to P → γ * γ.
(η, η ′ ) → γ * γ transitions [12; 13; 14; 15; 16] appears particularly important in the ongoing discussion over the pion-photon TFF results.
The purpose of this work is to comprehensively investigate the P → γ * γ (P = π 0 , η, η ′ ) transitions using the light-front quark model (LFQM) based on the QCD motivated effective LF Hamiltonian [17; 18] . The paper is organized as follows. In Sec. 2, we discuss the meson-photon TFFs in an exactly solvable model based on the covariant Bethe-Salpeter (BS) model of (3+1)-dimensional fermion field theory. Performing both manifestly covariant calculation and the LF calculation in the BS model, we show the equivalence between the two results and the absence of the zero-mode contribution to the TTF. The η − η ′ mixing scheme for the calculations of the (η, η ′ ) → γ * γ TFFs is also discussed. We then apply the manifestly covariant BS model to the standard LFQM using the Gaussian radial wave function. The self-consistent covariant descriptions of the meson TFFs in the standard LFQM are given in this section. In Sec. 3, we present our numerical results for the (π 0 , η, η ′ ) → γ * γ TFFs and compare them with the available experimental data [2; 3; 11; 19; 20] . Summary and discussion follow in Sec. 4.
Model Calculation
The transition form factor F P γ for the P → γ * γ (P = π 0 , η, and η ′ ) transition is defined from the matrix element of electromagnetic current Γ µ = γ(P −q)|J µ |P (P ) as follows: 
where N c is the number of colors and e Q(Q) is the quark (antiquark) electric charge of mass
of the meson, we simply take the constant parameter g since the covariant loop is regularized with this constant vertex in this model calculation.
Performing both manifestly covariant calculation and the LF calculation of the amplitude I where P = (P + , P − , P ⊥ ) = (P + , M 2 /P + , 0) to investigate the LF zero-mode contribution. By the integration over k − in Eq. (1) and using the plus component of the currents, we found that the LF zero-mode contribution is absent and only the on-shell propagator contributes in the valence region. The resulting LF amplitude I mQ (a) in this manifestly covariant model is given by
where
and 
Therefore, we obtain the transition form factors F P γ for P → γ * γ (P = π 0 , η, η ′ ) transitions as follows [22] 
where φ is related with the mixing angle θ in the flavor SU(3) octet-singlet basis via θ = φ−arctan √ 2 ≃ φ − 54.7
• . In the standard LFQM [17; 22] , the wave function of a ground state pseudoscalar meson as abound state is given by
, where φ R is the radial wave function and the spin-orbit wave function R λλ with the helicity λ(λ) of a quark (antiquark) is obtained by the interaction-independent Melosh transformation [23] from the ordinary spin-orbit wave function assigned by the quantum numbers J P C . The Gaussian wave function φ R for m Q = mQ is given by
where ∂k z /∂x = M 0 /4x(1 − x) is the Jacobian of the variable transformation {x, k ⊥ } → k = (k ⊥ , k z ) and β is the variational parameter fixed by the analysis of meson mass spectra [17] . In our previous analysis of the twist-2 and twist-3 DAs of pseudoscalar and vector mesons [24; 25] and the pion electromagnetic form factor [25] , we have shown that standard LF (SLF) results of the LFQM is obtained by the replacement of the LF vertex function χ in the BS model with the Gaussian wave function φ R as follows [see, e.g., Eq. (35) in [25] ]
where M → M 0 implies that the physical mass M included in the integrand of BS amplitude has to be replaced with the invariant mass M 0 since the SLF results in the LFQM are obtained from the requirement of all constituents being on their respective mass-shell. The correspondence in Eq. (7) is valid again in this analysis of P → γ * γ transition. Applying the correspondence given by Eq. (7) 
Our LFQM predictions of the TFFs for P → γ * γ is then obtained by substituting [I Fig. 2 The transition form factors 
Numerical Results
In our numerical calculations, we use the constituent quark masses (m q , m s ) = (0.22, 0.45) GeV and the gaussian parameters (β, β ss ) = (0.3695, 0.4128) GeV (q = u and d), which were obtained from the calculation of meson mass spectra using the variational principle in our LFQM [17; 18] . While the quadratic (linear) Gell-Mann-Okubo mass formula prefers θ ≃ −10
• ), the KLOE Collaboration [26] extracted φ = (41.5 ± 0.3 stat ± 0.7 syst ± 0.6 th )
• by measuring the ratio BR(φ → η ′ γ)/BR(φ → ηγ) and RBC-UKQCD Collaboration [27] obtained φ = 40.6(2.8)
• . We thus use φ = 37
• ∼ 42
• to check the sensitivity of our LFQM since the mixing angle for η − η ′ is still not yet settled as a fixed value.
In Fig. 2 , we show the transition form factors
case, the solid and dashed lines are results obtained from η − η ′ mixing angles with φ η−η ′ = 37
• and 42
• , respectively. The data are taken from [2; 3; 11; 19; 20] . For Q 2 F ηγ (Q 2 ), we obtain the asymptotic result as lim Q→∞ Q 2 F πγ (Q 2 ) ≃ 0.195 GeV, which is consistent with the asymptotic limit set by perturbative QCD:
. We also note that our LFQM result for Q 2 F πγ (Q 2 ) is in good agreement with the recent data from the Belle experiment [3] showing the asymptotic behavior for the region 10 ≤ Q 2 ≤ 45 [GeV 2 ] but disagree with the BaBar data [2] showing the rapid growth for this Q 2 regime. For Q 2 F ηγ (Q 2 ) and 
Summary and Discussion
In this work, we investigated (π 0 , η, η ′ ) → γ * γ TFFs using the standard LF (SLF) approach within the phenomenologically accessible, realistic LFQM [17; 18] . As the SLF approach within the LFQM by itself is not amenable to determine the zero-mode contribution, we utilized the covariant BS model to check the existence (or absence) of the zero mode as we discussed in [24; 25] . Performing a LF calculation in the covariant BS model, we found that the TFF using the plus component of the currents is immune to the zero-mode. We then linked the covariant BS model to the standard LFQM following the same correspondence relation Eq. (7) between the two that we found in our previous analysis of two-point and three-point functions for pseudoscalar and vector meson [24; 25] . This link allows us to effectively substitute the LF vertex function in the covariant BS model with the more phenomenologically accessible Gaussian wave function provided by the LFQM analysis of meson mass [17; 18] .
For the π → γ * γ transition, our numerical result of Q 2 F πγ (Q 2 ) does not show any steep rising behavior for high Q 2 region as measured from the BaBar Collaboration [2] but shows scaling behavior for high Q 2 consistent with the pQCD prediction. This may be ascribed to the fact that our twist-2 DA [18; 25] is highly suppressed at the end points (x = 0, 1) unlike the flat DA [5; 6] showing the enhancement at the end points. We should note that our results for the twist-2 pion DA and the pion-photon transition form factor are very similar to those obtained by the authors [28] . For the (η, η ′ ) → γ * γ transitions, we use the η − η ′ mixing angles φ = [37
• ] in the quark-flavor basis to check the sensitivity of our LFQM. Comparing the experimental data for Q 2 F (η,η ′ )γ (Q 2 ), our optimum value of the η−η ′ mixing angle seems to be φ ≃ 37
• . However, more experimental data in the asymptotic region are needed to pin down more accurate η − η ′ mixing angle. Our results of Q 2 F (η,η ′ )γ (Q 2 ) show again scaling behavior for high Q 2 consistent with the pQCD prediction.
